Mendez and colleagues reported the identification of a Y chromosome haplotype (the A00 lineage) that lies at the basal position of the Y chromosome phylogenetic tree. Incorporating this haplotype, the authors estimated the time to the most recent common ancestor (TMRCA) for the Y tree to be 338 000 years ago (95% CI ¼ 237 000-581 000). Such an extraordinarily early estimate contradicts all previous estimates in the literature and is over a 100 000 years older than the earliest fossils of anatomically modern humans. This estimate raises two astonishing possibilities, either the novel Y chromosome was inherited after ancestral humans interbred with another species, or anatomically modern Homo sapiens emerged earlier than previously estimated and quickly became subdivided into genetically differentiated subpopulations. We demonstrate that the TMRCA estimate was reached through inadequate statistical and analytical methods, each of which contributed to its inflation. We show that the authors ignored previously inferred Y-specific rates of substitution, incorrectly derived the Y-specific substitution rate from autosomal mutation rates, and compared unequal lengths of the novel Y chromosome with the previously recognized basal lineage. Our analysis indicates that the A00 lineage was derived from all the other lineages 208 300 (95% CI ¼ 163 900-260 200) years ago.
INTRODUCTION
The Y chromosome of a descendent of Albert Perry, an African American from South Carolina (born circa 1819-1827), 1 was recently identified as representing an out-group lineage to all other known Y haplotypes presently identified in the human population. 2 We will refer to the Y chromosome as Perry's Y chromosome because the region of the Y that was examined is the X-degenerate, nonrecombining portion of the Y, expected to be nearly identical between Albert Perry and his male descendants. This Y haplotype was dubbed A00, in reference to a previously recognized oldest lineage that was rebranded as A0. The identification of a novel Y haplotype is always exciting, and this new haplotype, in particular, is unique in its basal position on the Y haplotype tree, which justifies its moniker 'the Y-chromosomal Adam haplotype' . However, the announcement by Mendez et al 2 that the coalescent time of all human Y chromosomes or the time to the most recent common ancestor (TMRCA) is approximately 338 000 years ago (ya), with a 95% confidence interval of 237 000-581 000 ya, was surprising on many levels. First, this estimate is more than double the oldest previous estimate of 141 500±15 600 ya, 3 and is hugely larger than all the other previous or subsequent estimates, which ranged from 46 000 to 160 000 ya. [4] [5] [6] [7] [8] Second, it significantly predated the most ancient mitochondrial DNA, which Poznik et al 7 had recently estimated to be only slightly younger than the Y chromosome (mtDNA:99 000-148 000 vs Y:120 000-156 000 ya). Third, this TMRCA estimate is 142 000 years older than the oldest known anatomically modern human, estimated to be 196 000±2000 years old. 9 Thus, this TMRCA inference suggests that either this Y chromosome is from a different 'species' (sensu Hammer), 10 or that the ancestral population of anatomically modern Homo sapiens became subdivided into genetically differentiated subpopulations much earlier than previously known. 2 One of the authors of Mendez et al 2 even proposed that early Homo sapiens mated with 'an unknown archaic species in western Central Africa' . 10 Although either of the two scenarios above may be true, 11, 12 there is no scientific support for either one for the Y chromosome. We wondered whether a simpler explanation might exist.
Here, we reassess the data and methodology in Mendez et al. 2 In particular, we discuss (1) the decision to derive the Y-specific substitution rate from autosomal mutation rates instead of using previously inferred Y-specific substitution rates; and (2) the use of sequences of unequal lengths in the comparison between A00 and the previously recognized basal lineage, A0.
We uncover several methodological irregularities and analytical biases, each of which, have inflated the TMRCA estimate. By correcting these, we infer the new Y lineage characterized by Mendez et al 2 to be significantly younger than originally reported.
RESULTS AND DISCUSSION
In the following, we outline the various assumptions made in Mendez et al 2 and their effect on estimating Y TMRCA.
(1) The decision to derive the Y-specific substitution rate from autosomal mutation rates instead of using previously inferred Y-specific substitution rates Computing divergence time estimates is not different, in principle, from computing the time it takes two cars traveling in opposite directions at known speeds to reach a certain distance from each other. The time inferences will be overestimated if the distance between the two cars is overestimated, or if the speed of either car is underestimated. Similarly, biological divergence times will seem larger than the actual divergence times if genetic distances between sequences are overestimated or if the rates of substitution are underestimated.
In their study, Mendez et al 2 could have used existing estimates for Y-specific substitution rates in the literature. 4, 13, 14 Instead, they derived a substitution rate for the Y chromosome (6.12 Â 10 À10 ) using autosomal mutation rates reported from an Icelandic data set of parent-offspring trios in which one child is either autistic or schizophrenic. 15 Interestingly, the authors even acknowledge that the TMRCA would have been much shorter had they used the Y-specific mutation rate in the literature. For example, Xue et al 13 sequenced approximately 10.15 Mb from two Y chromosomes of two European individuals separated by 13 generations and inferred a substitution rate of 1 Â 10 À9 substitutions per nucleotide per year, under the assumption that the generation time is 30 years. This estimate is consistent with estimates derived from human-chimpanzee Y chromosome analyses (1.5 Â 10 À9 À2.1 Â 10 À9 substitutions per nucleotide per year) under the assumption of a divergence time range of 5-7 million years. 16, 17 A substitution rate estimate of 1 Â 10 À9 substitutions per nucleotide per year is a widely accepted estimate. For example, Wei et al 18 applied this rate to estimate that the time depth of the Y-chromosomal tree was B101 000-115 000 years, and dated the lineages found outside Africa to 57 000-74 000 years. Cruciani et al 3 also applied this substitution rate to derive an estimate of B142 000 years to the TMRCA of the Y chromosome.
Substitution rate on the Y chromosome is not linearly related to the autosomal rate. Evolutionarily, as the autosomes and the sex chromosomes spend different amounts of time in the paternal and maternal lineages, male mutation bias can be approximated by comparing the substitution rates on any two pairs of these chromosome types. If differences in replication alone can explain all of the differences between the substitution rates on the sex chromosomes and autosomes, then the magnitude of male mutation bias should be the same regardless of which chromosomes are compared. Although male mutation bias may explain most of the differences in the substitution rates between each sex chromosome and the autosomes, it cannot account for all of the rate variation; the magnitude of male mutation bias will vary significantly depending on which pair of chromosome types are compared. [19] [20] [21] If estimates of male mutation bias vary depending on which chromosome types are compared, then factors other than replication must affect mutation rates on each chromosome type, and one cannot assume a direct correlation between the mutation rates of any chromosome types, as did Mendez et al. 2 The assumption that mutation rates are equal to substitution rates. Mutation rate refers to the rate at which changes in the nucleotides are incorporated into the DNA sequence during replication, that is, the probability that an allele differs from the copy of that in its parent from which it was derived. Substitution rate refers to the rate at which a newly arisen allele is incorporated into a population, for example, when a newly arisen allele becomes fixed in a population. This rate is equal to experimentally measured apparent mutation rates only for fairly short times when recurring mutations, purifying selection, and genetic drift are negligible. Otherwise, those effects should be considered and corrected.
Using the single-generation mutation rates calculated by Kong et al 15 , Mendez et al, 2 developed a likelihood-based method, which was used to estimate the TMRCA of A00 and that of the common ancestor of African Americans and individuals belonging to the Mbo ethnic group of Cameroon. For these analyses, Mendez et al 2 presumed that long-term substitution rates are equal to singlegeneration mutation rates as determined by Kong et al, 15 and assumed a complete lack of purifying or advantageous selection on the Y chromosome. Is this a reasonable assumption?
Substitution rates vary among chromosome types depending on several factors. A principal contributor to substitution rate is the mutation rate, which in turn is determined by the number of germline replications between successive generations. An additional determinant of substitution rate is the efficacy of purifying selection, which in turn depends not only on the particular constraints of each chromosome, but also on the long-term effective population size for each chromosome type. For example, the long-term effective population sizes for the X and Y chromosomes are, respectively, threequarter and one-quarter of the long-term effective population size of autosomes.
Purifying selection is expected to remove deleterious mutations as well as linked neutral variation, 22 which may have confounding effects in the Y chromosome. Unlike the autosomes, most of the Y chromosome is non-recombining, so purifying selection is less efficient there. 23, 24 Moreover, the repetitive structure of the Y chromosome, where gene conversion may occur between repetitive palindrome arms, 17 makes deletions events highly frequent. 25 For example, recombination between homologous sequences in palindromes on the Y chromosome frequently removes 6-7 Mb of sequence and several fertility genes. 26 The inefficiency of purifying selection coupled with frequent, recurrent mutations has likely allowed many deleterious mutations to reach high frequency in humans. 25, 27 However, most of the Y chromosome is nonrecombining; thus, the effects of purifying selection acting anywhere on the Y chromosome will be magnified, because all linked neutral variation will also be removed. 22 As such, the actual diversity may be lower than expected given the Y-specific mutation rate. 28 Genetic drift is another powerful force that shapes the genetic diversity of the Y chromosome and haplotype groups and, in turn, depends on stochastic dynamics and social selection. 29, 30 Arising through stochastic variation in the number of offspring, the effect of genetic drift is much stronger for the Y chromosome than for autosomal segments, because only one copy may be passed on to the next generation compared with four autosomal copies. Therefore, the opportunity for a stochastic change differs correspondingly and has profound effects on the Y chromosome, particularly when occurring in small populations with low effective deme sizes, such as those that The 'extremely ancient' chromosome that isn't E Elhaik et al have characterized humankind for most of its evolution. 31 In the Mbo samples described by Mendez et al, 2 as having A00 haplotypes, the main contribution to the variation was by genetic drift. Consequently, these haplotypes are derived from a common ancestor who lived only a few centuries ago (Mendez et al 2 ), not 338 000 ya, when a common ancestor of A00 population was reported to live. In other words, as genetic drift causes a major impact on the apparent history of a population compared with that of mutation rates, it is incorrect to employ mutation rates obtained at relatively small time spans for long-term evolution process without considering other effects that might be important. All of this means that, although the Y chromosome is expected to have a higher mutation rate due to more rounds of cell division and its existence in haploid non-recombining state, selective pressures and genetic drift might make it difficult to correctly infer its substitution rate from secondary data, such as autosomal substitution rates. Assuming a correlation between the mutation rate on the autosomes and on the Y chromosome, even when correcting for paternal age at conception, it may result in an underestimate of the Y-specific mutation rate.
Because assumptions about a correlation between autosomal-and Y-specific substitution rates are inconsistent with observations, 19, 20 and because the substitution rate may be more reliably estimated from pedigree information, 32 it would be ideal to measure the substitution rate for the Y chromosomes directly, as was done by Xue et al. 13 The use of unreasonable generation times. To obtain a mean substitution rate for the Y chromosome per generation (m y ) of 6.12Â 10 À10 with a range of 4.39 Â 10 À10 r m y r7.07 Â 10 À10 , Mendez et al 2 assumed that anatomically modern human (AMH) males had a paternal generation time that, on average, ranged from 20 to 40 years. This assumption is extremely important (and problematic) since it affects estimates of the male mutation bias.
Male mutation bias (also referred to as 'male driven evolution') alludes to the higher rate of mutations in the male lineage versus the female lineage, resulting from the higher number of rounds of replication of the sperm relative to the rounds of replication of the eggs. 33 Male mutation bias has been observed in all mammals studied to date and its magnitude was shown to increase with increasing generation time. 20 In humans, the relevance of male mutation bias is particularly manifested in older fathers, whose offspring harbor more autosomal mutations than the offspring of younger fathers. 15, 34 However, it is not clear whether the huge variation in paternal age at conception assumed by Mendez et al 2 is a reasonable assumption in modern human populations, let alone in ancient ones. For instance, even among developed nations, where age at conception is delayed, generation times ranges from 20 to 30 years 35 and stands at B25 in the US. 36 Less developed nations exhibit much shorter generation times (in the low 20 s). 35 For the vast majority of human history and until the modern era, women married anytime from their mid-to late-teens and likely had their first child by the age of 20. 37 Ancient societies were almost as age demanding for males. The Augustan marriage laws, for example, penalized males who did not sire a child by the age of 25. 38 It thus seems unlikely that the average age of ancestral human fathers was older than, or even equal to, modern humans, particularly due to the fact that the mean life expectancy of Cameroon males (37.2 years) was lower than the purported upper bound of the generation time. 39 The use of confidence intervals rather than prediction intervals, and the use of 90% confidence interval rather than the customary 95% or 99%. Mendez et al 2 based their estimates of Y-specific substitution rates on the autosomal mutation rates from Kong et al. 15 In their conversion of one estimate to the other, they used a simple model, according to which the mutation rate in the female lineage is constant, while the mutation rate in the male lineage increased with age of the father. The Kong et al 15 data contain five data points from which to compute the maternal rate of mutations per generation. In the five trios, the number of maternal mutations was 9, 10, 11, 15, and 26. From these five data points, Mendez et al 2 calculated a 'median' rate of 14.2 and a 'standard deviation' of 3.12. However, the correct values are 11 for the median and 6.98 for the standard deviation.
In statistics, a confidence interval is an observed interval used to indicate the reliability of an estimate of interest, not its distribution. By contrast, a prediction interval is an estimate of an interval within which future observations will fall, with a certain probability, given what has already been observed. Consequently, prediction interval is always wider than the corresponding confidence interval because of the added uncertainty involved in predicting a single response versus the mean response. In other words, a confidence interval indicates that we have a certain confidence to find the population mean within a range, whereas prediction interval predicts with a certain confidence that the next sample would be included within a range. Given that the calculations of Mendez et al 2 involved simulations and sampling, they should have used the prediction interval. Instead, Mendez et al 2 computed an observed confidence interval, which is much narrower than the prediction interval, hence, making the result appear much more tightly clustered around the mean than they really are. In addition, Mendez et al 2 used a 90% confidence interval, rather than the customary 95 or 99% intervals, thus artificially decreasing the dispersal around the mean. Finally, they assumed that the five observed data points from Kong et al 15 are normally distributed, but it is hard to believe that normality can be deduced from five data points. Mendez et al 2 did not provide any justification for their assumption of normality.
By using a 90% sample confidence interval, Mendez et al 2 inferred that the number of mutations per generation in the female lineage ranges from 9.07 to 19.33. Had they used a 95 or a 99% interval, the ranges would have been 8.08-20.32 and 6.16-22.24, respectively. Had they used the correct prediction confidence interval with 95 or 99% confidence, the number of mutations per generation in the female lineage would have been 0.52 to 27.88 and À3.78 to 32.18, respectively, where the sign À denotes 'minus' . The perplexing range À3.78 to 32.18 is due to the assumption that the number of mutations per generation follows a normal distribution. That is, the normality assumption of Mendez et al 2 results in the time-bending possibility that the most common ancestor of all the Y chromosomes in the world has yet to be born.
Further, in the calculation of the substitution rate for the Y chromosome, Mendez et al 2 used estimates of the number of maternal substitutions estimated from the maternal lineage from five families, but took the mean number of mutations from all 78 trios (63.2) instead of using the same five pedigrees (69.6), which results in fewer expected mutations from the paternal lineage, again decreasing the estimate of the mutation rate for the Y chromosome and inflating the TMRCA estimate.
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Finally, if the authors truly wanted to consider the male mutation rate per year, from autosomal pedigree data, it would have been reasonable to compute it directly from the five pedigrees where mutations are partitioned into those of maternal and paternal origin. From these five pedigrees, dividing the number of paternally-derived de novo autosomal mutations by the total number of sites assayed by Kong et al, 15 by the father's age at conception, one can estimate paternal mutation rates that range from 5.57 Â 10 À10 to 8.65 Â 10 À10 mutations per site per year (Supplementary Table S1 ). Three of these five direct estimates are higher than the upper bound for the paternal mutation rate suggested by Mendez et al. 2 Across all five mutation rates, one can obtain estimates for the Y chromosome TMRCA, including the newly identified lineage between 242 200 (194 200-297 500) and 376 200 (301 600-462 100) ya. Curiously, there is also quite a large variation in the maternal mutation rate, with estimates ranging from 1.46 Â 10 À10 to 3.07 Â 10 À10 mutations per site per year (Supplementary Table S1 ), suggesting a considerable amount of variation in the number of mutations observed in a single generation.
(2) The use of sequences of unequal lengths in the comparison between A00 and the previously recognized basal lineage, A0 Mendez et al 2 sequenced a portion of Perry's Y chromosome (A00) as well as the closest phylogenetic Y haplotype to identify private and derived mutations in this lineage. Interestingly, the authors counted mutations in B240 kb of the X-degenerate portion of the A00 chromosome, but only reported mutations for B180 kb of the A0 chromosome. We first note that a reliable evolutionary estimate cannot be obtained from 2% of the male-specific portion of the Y chromosome. Second, it is also unclear why the sequence of the previously known basal lineage is 25% shorter than the novel Y chromosome, given the author's obvious intent to compare the two chromosomes. In fact, the A0 chromosome was originally sequenced to the full extent of the A00 chromosome, but the authors chose to omit 60 000 bases of it because they consist of 'a large amount of mutations' (FLM personal communication). Remarkably, they reported the mutations in the regions on the A00 chromosome for which the matching A0 regions were dropped. In Figure 1 and Supplementary Table S1 of Mendez et al, 2 43 mutations were reported as derived for the A00 chromosome and 45 were A0 derived mutations. These mutations were divided into two types: A0T (18 mutations) in which A00 is the only ancestral lineage and A0 (27 mutations) mutations that are observed only in chromosomes that are in the A0 haplogroup, though some of these mutations may be absent from some A0 Y chromosomes. We believe that matching chromosomal regions should be compared instead of eliminating particular regions in an attempt to make the data fit a preconceived model. We further speculate that omitting regions for one lineage, but including them for another may have reduced their estimated age. Indeed, in our calculations below, we show that the TMRCA calculation using equivalent regions of A0 and A00 yields a much lower estimate than that reported by Mendez et al. 2 Y chromosome TMRCA Calculating TMRCA based on sequence data. Using an MLE model 40 and given mutation counts of 45 (27 A0 þ 18 A0T) and 43 (A00) and the pedigree-based Y-chromosomal mutation rate (1 Â 10 À9 ), 13 we calculated the TMRCA for the Y lineage including the A00 chromosome as 209 500 (95% CI ¼ 168 000-257 400) ya. However, the mutation counts were obtained for uneven lengths of sequence.
Looking only at the sites that overlap between A0 and A00, there are 44 (26 A0 þ 18 A0T) and 31 mutations (A00), corresponding to a slightly more recent TMRCA of 208 300 (95% CI ¼ 163 900-260 200) ya. Interestingly, repeating the last calculation with the Y-chromosomal mutation rate of 1.33 Â 10 À9 proposed by Wilder, Mobasher and Hammer 5 yields an even more recent TMRCA of 156 600 (95% CI ¼ 123 200-195 600) ya. Unfortunately, because we do not know the number of mutations omitted by the authors from the A0 lineage, we can only postulate that the actual age of the A00 lineage is within these estimates.
Fitting of TMRCA estimates of the Y with X, autosomal and mtDNA TMRCAs. It is not unreasonable to find regions of the genome with TMRCA estimates that exceed divergence from the fossil record. However, in this particular case, there is reason for additional consideration because not only is the TMRCA reported for human Y chromosomes by Mendez et al 2 significantly older than the mtDNA chromosome and the fossil age of anatomically modern humans, it is also inconsistent with population genetic theory. In the following, we examine the fitting between the Y-chromosomal TMRCA calculated based on two mutation rates to that of other genomic regions (Table 1) . Under assumptions of neutrality, the effective population size of the Y chromosome is expected to be equal to the effective population size of the mtDNA-one-quarter that of the autosomes and one-third that of the X chromosome. Current observations of the TMRCA across other genomic regions (Table 1) are incompatible with the high Y chromosome TMRCA computed using the derived Y chromosome mutation rate, 2 but are consistent with a Y chromosome TMRCA calculated using the mutation rate estimated from a Y-pedigree. 13 Our findings show that an estimate of TMRCA based on the pedigree-based Y-chromosomal mutation rate (1 Â 10 À9 mutations/nucleotide/year) is more consistent with TMRCA estimates calculated for other chromosome types. In addition, recent work has shown that the observed diversity on the entire Y chromosome is approximately one-tenth of the expected, due to the effects of selection acting to reduce diversity on this non-recombining chromosome. 28 If selection is acting to reduce diversity on the Y, then the TMRCA estimates of Mendez et al 2 are likely substantial underestimates, putting them even more at odds with estimates of the TMRCA on the mtDNA, X and autosomes. For a given TMRCA on the Y chromosome, the expected TMRCA for the autosomes, X chromosome, and mtDNA can be computed, assuming that the effective population size of the Y is equal to that of the mtDNA, one-third that of the X chromosome, and onequarter that of the autosomes. The expected TMRCAs are calculated using the TMRCA for the Y (TMRCA Y ) computed using the low Y chromosome mutation rate derived from an autosomal mutation rate (6.17 Â 10 À10 mutations/nucleotide/year; TMRCA Y ¼ 338 000 ya), and using the mutation rate estimated from a Y chromosome pedigree (1.0 Â 10 À9 mutations/ nucleotide/year; TMRCA Y ¼ 209 000 ya).
The 'extremely ancient' chromosome that isn't E Elhaik et al CONCLUSIONS Paleontological descriptions largely differ from the iconic gorilla-tohuman linear evolution and even from a human family tree mode. In reality, the human phylogenetic tree contains a large gap between chimpanzee and Ardipithecus ramidus (4.3-4.4 million (m) ya) and smaller gaps in the nearest human tree, making it difficult to infer potential interactions. Nonetheless, it is clear that in the past million years, several lineages including perhaps the Homo erectus ('Java man') (0.6-0.2 mya), Homo heidelbergensis ('Heidelberg Man') (735-230 kya), 41 Homo rhodesiensis (400-110 kya), 42 and Homo neanderthalensis ('Neanderthal') (400-30 kya) 43, 44 coexisted and interbred with each other leading to the appearance of the first AMH. In the Middle Paleolithic (B100-200 kya), AMH like the Omo (195 ± 5 kya) 9 and the Homo sapiens idaltu (160-154 kya) 45, 46 evolved from these archaic Homo sapiens and persisted alongside modern humans. 47, 48 The question of whether and to what extent AMH interbred with their archaic predecessors is one of the most fascinating questions in anthropology.
We have shown that consistently throughout their examination, Mendez et al 2 have chosen the assumptions, approximations, numerical miscalculations and data manipulation that inflated the final TMRCA estimate. We agree that Mendez et al, 2 in collaboration with members of the public and the FamilyTreeDNA company, have identified a novel Y haplotype that pushes back the estimate of the Y-specific TMRCA further than previous studies. However, we argue that the autosomally-derived Y substitution rate lacks support, and show that the TMRCA estimate from sequence data should be 208 300 (95% CI ¼ 163 900-260 200 ya), which is within the time frame of the emergence of AMH, excluding the possibility of introgression with more ancient hominin taxa.
We too share the excitement that increased participation by people of all ethnicities in population genetic studies will yield additional discoveries of who we are and where we came from. We have, however, shown that when assessing new data, care must be taken in both data analysis and methodology to ensure that the results are scientifically robust.
